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Mycobacterium tuberculosisa b s t r a c t
a-Isopropylmalate synthase (IPMS) catalyses the reaction between a-ketoisovalerate and acetyl
coenzyme A (AcCoA) in the ﬁrst step of leucine biosynthesis. IPMS is closely related to homocitrate
synthase, which catalyses the reaction between AcCoA and the unbranched a-ketoacid a-ketoglutar-
ate. Analysis of these enzymes suggests that several differently conserved key residues are respon-
sible for the different substrate selectivity. These residues were systematically substituted in the
Mycobacterium tuberculosis IPMS, resulting in changes in substrate speciﬁcity. A variant of IPMS
was constructed with a preference for the unbranched a-ketoacids a-ketobutyrate and pyruvate
over the natural branched substrate a-ketoisovalerate.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction methylthioalkylmalate synthase from glucosinolate biosynthesisThe ﬁrst committed step of both leucine biosynthesis and the a-
aminoadipate pathway for lysine biosynthesis is an aldol reaction
in which the acetyl group of acetyl coenzyme A (AcCoA) is added
to the carbonyl moiety of an a-ketoacid. In leucine biosynthesis
this reaction is catalysed by a-isopropylmalate synthase (IPMS)
using the a-ketoacid a-ketoisovalerate (KIV) [1], and in lysine bio-
synthesis the corresponding reaction is catalysed by homocitrate
synthase (HCS) using a-ketoglutarate as a substrate [2,3]. Both of
these enzyme-catalysed reactions are the ﬁrst in a sequence of
three enzyme-catalysed reactions, the net result of which is the
insertion of a single methylene unit between a ketone group and
its b-carbon (Fig. 1) [4]. Both enzymes are also feedback inhibited
by their pathway’s end product amino acid, although by different
mechanisms [5–11].
IPMS and HCS both belong to a family of related enzymes that
also includes citramalate synthase (CMS) from isoleucine biosyn-
thesis [12], re-citrate synthase from the Krebs cycle [13] and[14]. Each catalyses a metal-dependent aldol reaction between Ac-
CoA and an a-ketoacid, with their a-ketoacid substrates only dif-
fering by the nature of the substituents on the b-carbon. Like
HCS and IPMS, each is also the ﬁrst step in a three enzyme meth-
ylene group insertion pathway [7].
As well as the obvious similarities in the reactions that IPMS
and HCS catalyse and the pathways in which they operate, the en-
zymes share strong functional and structural analogies. Both are
dimeric, both catalyse attack by AcCoA on the re face of their a-
ketoacid substrate, and both are dependent upon a divalent metal
ion for catalytic activity. The structure of the IPMS from Mycobac-
terium tuberculosis IPMS (MtuIPMS) [11] has been solved, as have
those of the HCS enzymes from Thermus thermophilus HCS (TthHCS)
and Schizosaccharomyces pombe [8,10]. Both proteins have a (b/a)8
barrel catalytic core with the active site at the C-terminal end, and
the residues responsible for binding the divalent metal ion, the
acetyl coenzyme A and the a-ketoacid functionality of the variable
substrate are all strongly conserved both within and between the
two homologues (Fig. 2).
By contrast, the residues that are in close proximity to the dif-
ferent side chains of the substrates of IPMS and HCS have very dif-
ferent sequences, reﬂecting the differing binding requirements
associated with their different a-ketoacid selectivities (Figs. 2
and 3). These residues are believed to be the prime determinants
of a-ketoacid speciﬁcity, and as such are promising targets for con-
trolling the substrate speciﬁcity of these enzymes, either by
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Fig. 1. Reactions catalysed by a-isopropyl malate synthase (IPMS), homocitrate synthase (HCS) and citramalate synthase (CMS).
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Fig. 2. The a-ketoacid binding site ofMtuIPMS (protein data bank (PDB) code 1SR9)
in cyan and TthHCS (PDB code 2ZYF) in purple. The KIV substrate of IPMS is shown
in yellow and the a-ketoglutarate substrate of HCS is shown in pink. Zn2+ is shown
in grey.
Fig. 3. (a) Overlay of the binding sites of MtuIPMS and TthHCS. Crystal structure of
MtuIPMS (PDB code 1SR9) is in cyan and of TthHCS (PDB code 2ZYF) in purple.
Residue labels in italics are for TthHCS. Metal ions are omitted for clarity. The
substrate of MtuIPMS (KIV) is shown in yellow and the substrate of TthHCS (KG) is
shown in pink. (b) Partial alignment between IPMS and HCS sequences. Dark blue
indicates positions conserved in IPMS, HCS and CMS. The residue numbers are for
MtuIPMS and TthHCS. Full alignment is provided in the supplementary material
(Fig. S1).
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homologue with the corresponding residues from the other.
Several studies have been conducted that probe the natural
selectivity of enzymes in this family in order to exploit the C–C
bond forming capabilities of this enzyme for wider application
[1,15–20]. Most notably, Escherichia coli strains producing IPMSs
that have been altered to have a larger substrate-binding pocket
have shown increased activity towards longer a-ketoacids, demon-
strating that IPMS can be adapted to catalyse different reactions
[4,20–22].
Here we examine in detail the determinants and malleability of
substrate selection in IPMS by modifying the residues that line
binding site of the KIV substrate’s isopropyl group in MtuIPMS.
We ﬁnd that speciﬁc substitutions were able to enhance activity
with unbranched a-ketoacid substrates while signiﬁcantly attenu-
ating the ability of the enzyme to utilise efﬁciently the branched
chain KIV.
2. Materials and methods
2.1. Mutagenesis
PproExHta-LeuA plasmid bearing the gene encoding MtuIPMS
was generously provided by Dr. Chris Squire (University ofAuckland, New Zealand). Quikchange site directed mutagenesis
(Stratagene) was used to introduce mutations into the plasmid
(primer sequences are provided in Supplementary Material,
Table S2). Following sequence veriﬁcation plasmids were trans-
formed into chemically competent BL21 (DE3) Star E. coli cells
for protein expression.
2.2. Protein expression and puriﬁcation
LB media was inoculated with 50 mL of overnight culture per
litre. This culture was then grown at 37 C until it reached an
Table 1
Speciﬁcity constants for MtuIPMS and variants determined using both natural
substrate KIV and alternative a-ketoacid substrates. 3-Methyl-a-ketovalerate and 4-
methyl-a-ketovalerate were only found to be substrates for the MtuS216G and
MtuN250A variants. Full kinetic data is provided in Table S1 (Supplementary
Material).
kcat/Km (lM1s1)
Variant (site)
WT 62000 ± 11000 760 ± 160 360 ± 90 18 ± 5
Y169H (pro-R) 1600 ± 90 180 ± 15 60 ± 15 3 ± 0.4
Y169A (pro-R) 1700 ± 360 30 ± 2 40 ± 10 12 ± 2
L143 N (pro-R) 1600 ± 430 120 ± 17 50 ± 5 10 ± 2
L143A (pro-R) 1000 ± 160 300 ± 30 90 ± 10 12 ± 1
H167A 1700 ± 140 260 ± 40 300 ± 30 9.3⁄±0.3
N250A (pro-S) 160 ± 20 60 ± 10 90 ± 8 0.7 ± 0.3
S216G (pro-S) 800 ± 80 450 ± 40 150⁄±4 0.6⁄±0.01
kcat/Km (lM1s1)
Variant
S216G (pro-S) 55 ± 5 40 ± 3
N250A (pro-S) 9 ± 2 ND
⁄ denotes that only kcat/Km values were measured as Km values could not be
determined as they were found to be greater than 40 mM.
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and protein expression was induced by addition of isopropyl thio-
D-galactoside (IPTG) (0.25 mM). Cell growth was continued for 18 h
at 23 C. The cells were harvested by centrifugation, and the cell
pellet was resuspended in binding buffer (50 mM KH2PO4,
25 mM imidazole, 200 mM NaCl, pH 7.5). The cells were then lysed
by sonication, the lysate was clariﬁed by centrifugation and loaded
onto a 5 mL HiTrap afﬁnity column (GE Healthcare). The column
was washed with binding buffer, and the protein was eluted with
a linear gradient of elution buffer (binding buffer plus 500 mM
imidazole). The eluted protein was returned into binding buffer
with a PD-10 desalting column, and DTT and EDTA were added
to ﬁnal concentrations of 1 and 0.5 mM, respectively.
The N-terminal polyhistidine tag was then removed by over-
night incubation at 4 C with Tobacco etch virus protease. The
cleaved protein was then loaded onto the HiTrap column and
eluted in binding buffer. The protein was further puriﬁed by size
exclusion chromatography on a Sephacryl 26/60 column using
storage buffer (50 mM KH2PO4, 200 mM NaCl, pH 7.5). The frac-
tions containing MtuIPMS were concentrated to ﬁnal protein con-
centrations of 2–5 mg/mL and stored at 80 C. Proteins were
characterised by mass spectrometry and differential scanning
ﬂuorimetry to assess their thermal stability (Tables S3 and S4,
Supplementary Material).
2.3. Kinetic analysis
Initial velocity data was collected using 4,40-dithiodipyridine
(DTP) to detect the CoASH product (1.98  104 Lmol1cm1 at
324 nm) [23]. A standard reaction to determine the Km of an a-
ketoacid substrate contained a variable amount of a-ketoacid,
5 mM KCl, 2 mM MgCl2 and 200 lM DTP in 20 mM Tris buffer
(pH 7.5), at a ﬁnal volume of 1 mL in a quartz cuvette. Enzyme
(2–20 lL) was added and the solution left at 25 C for 3 min, then
reaction was initiated by the addition of 10–50 lL of AcCoA to
bring it to the desired ﬁnal concentration. The rate of a control as-
say with no a-ketoacid was measured and subtracted to account
for uncoupled cleavage of AcCoA. Each experiment was repeated
in triplicate. Data was ﬁtted to the Michaelis–Menten equation
using Graﬁt.
For the determination of AcCoA Km values, KIV was used as the
ketoacid with a concentration of 10 mM, with the exception of the
Y169L and L143H + Y169L variants where 10 mM a-ketobutyrate
and a-ketovalerate, respectively were used. For the determination
of a-ketoacid Km values, AcCoA was used at a concentration of
200 lM with the exception of the S216G, L143 N, Y169H, L143H
and L143H + Y169L variants where 500 lM was used.3. Results and discussion
3.1. MtuIPMS variants to probe natural substrate speciﬁcity
The extensively structurally and kinetically characterised
MtuIPMS was used as a scaffold to examine the roles of the resi-
dues that lie within 4 Å of the isopropyl group of KIV [1,11]. Six
a-ketoacid substrates with different side chains were used to
probe the changes in substrate selectivity resulting from substitu-
tions at the isopropyl group binding site: KIV, a-ketobutyrate, a-
ketovalerate, pyruvate, (3RS)-3-methyl-a-ketovalerate and 4-
methyl-a-ketovalerate. Of these, the unbranched a-ketoacids a-
ketobutyrate, a-ketovalerate and pyruvate are all tolerated as rel-
atively poor alternative substrates for wild-typeMtuIPMS, whereas
the branched a-ketoacids, 3-methyl-a-ketovalerate and 4-methyl-
a-ketovalerate, do not act as substrates for the wild-type IPMS
(Table 1).The isopropyl side chain of KIV has two diastereotopic methyl
groups, each with its own set of proximal residues (Fig. 3). The
pro-R methyl group lies within 4 Å of the L143 and the hydropho-
bic face of the phenyl functionality of Y169. The pro-S methyl
group is within 4 Å of S216 and N250, both of which are polar res-
idues, a somewhat surprising match for the hydrophobic methyl
functionality. H167 is proximal to both the pro-R and pro-S sites.
All ﬁve of these residues were subject to substitution by mutagen-
esis during this study.
To assess the importance of the ﬁve residues within 4 Å of the
isopropyl group of KIV, a range ofMtuIPMS variants bearing substi-
tutions to these residues were examined. The roles of the Y169 and
L143 residues forming the pro-R site have not been previously ex-
plored, and to this end we generated MtuY169H and MtuL143N (in
each case retaining the side chain size but changing the polarity),
and MtuY169A and MtuL143A (to remove the side chain function-
ality). To test the importance of the H167 residue, the side chain of
which contributes to both pockets, variant MtuH167A was also
generated. VariantsMtuN250A andMtuS216G were also generated
to examine the importance of the residues that line the pocket
occupied by the pro-S methyl group of KIV.
Substitutions of all ﬁve residues to alanine or glycine lowered
the speciﬁcity constant with KIV to less than 3% of that of the
wild-type enzyme (Fig. 4, Table 1). For four of these variants
(MtuL143A, MtuH167A, MtuS216G and MtuN250A) this decrease
is largely due to large increases in the Km values (Table S1). The
most dramatic effect was found for the MtuN250A variant, with
this substitution increasing the Km value for KIV by more than
300-fold. These results clearly indicate that these four residues
are highly important to the correct binding of KIV by MtuIPMS,
as predicted by structural and sequence analysis.
Variants MtuY169A and MtuY169H also showed substantially
decreased speciﬁcity constants for KIV, but unlike the other vari-
ants this was largely due to the lower kcat values of these enzymes
(Table S1). The kcat values were reduced for all other substrates as
well, suggesting that Y169 is important for ensuring efﬁcient catal-
ysis for all of the a-ketoacids. Notably, the MtuY169F variant [5]
does not show a reduction in maximum catalytic rate, and the kcat
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Fig. 4. Relative speciﬁcity constants of the MtuIPMS variants. Each bar is the
speciﬁcity constant (kcat/Km) value of the variant with a given a-ketoacid substrate,
as compared to the speciﬁcity constant of wild-type MtuIPMS with the same
substrate. Red indicates the relative speciﬁcity constant of pyruvate, purple a-
ketovalerate, blue a-ketobutyrate and green KIV.
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ing that the hydrophobic properties of the side change of this res-
idue may be necessary for efﬁcient catalysis. This is supported by
the observation that introducing polarity to this residue (in
MtuY169H, Table 2) had similarly detrimental effects on activity
as removing the residues side chain entirely (inMtuY169A). Similar
results were also attained for the substitutions of L143 (MtuL143N
and MtuL143A), indicating that the hydrophobicity of the residue
at position L143 is also signiﬁcant.
3-Methyl-a-ketovalerate and 4-methyl-a-ketovalerate have
signiﬁcantly longer side chains than the natural substrate KIV,
and neither of these a-ketoacids are substrates for wild-type
MtuIPMS. Enlargement of the pro-S site of MtuIPMS (as in the vari-
ants MtuN250A and MtuS216G) allowed MtuIPMS to accept 3-
methyl-a-ketovalerate as an alternative substrate, although in
both cases the activity is quite poor, similar to the activity with
3-methyl-a-ketovalerate observed in wild-type E. coli IPMS [20].
For E. coli IPMS, activity with 3-methyl-a-ketovalerate was also
improved by substitutions corresponding to S216G and N250A.
Unexpectedly, the MtuS216G also allowed the enzyme to utiliseTable 2
Speciﬁcity constants for MtuIPMS and variants determined using both natural
substrate KIV and alternative a-ketoacid substrates. Full kinetic data is provided in
Table S1 (Supplementary Material).
kcat/Km (lM1s1)
Variant
Y169L (pro-R) 9 ± 1.5 1400 ± 160 11 ± 3 150 ± 16
L143H (pro-R) 40 ± 4 16 ± 2 9 ± 2 2.5 ± 0.2
L143H Y169L (pro-R) ND 33 ± 9 5 ± 1.2 ND4-methyl-a-ketovalerate as an alternative substrate with kinetic
parameters very similar to those of 3-methyl-a-ketovalerate, an
activity not observed in any wild-type IPMS. The branching of 4-
methyl-a-ketovalerate places an isopropyl group instead of an
ethyl group into the pro-S site, indicating that the S216G variant
generates a greatly enlarged pocket compared to the N250A
variant.
In contrast, the substitutions aimed at enlarging the pro-R site
(L143A, H167A and Y169A) gave enzymes with no such activity,
suggesting that even when signiﬁcantly enlarged this site cannot
accommodate the side chain of either 3- or 4-methyl-a-ketovaler-
ate in a catalytically competent mode.
3.2. Tuning the substrate binding site of MtuIPMS to accept
unbranched a-ketoacid substrates
Having established the importance of these ﬁve residues in sub-
strate binding, rational design was then used to modify substrate
speciﬁcity. In MtuIPMS, the pro-R and pro-S sites both bind a
methyl group, whereas in HCS (and CMS) the equivalent of the
pro-R site accommodates only a hydrogen, and the equivalent of
the pro-S site binds a much larger carboxyethyl group (Fig. 2 and
Fig. S1). This second series of mutations targeted the pro-R site of
MtuIPMS for modiﬁcation, aiming to substitute the IPMS prefer-
ence for a methyl group in this position with the HCS-like prefer-
ence for a hydrogen, with the goal of improving the ability of the
enzyme to utilise unbranched a-ketobutyrate as a substrate.
The residues that form the pro-R site of MtuIPMS (L143, H167
and Y169) correspond to H72, N92 and L94 found in the hydrogen
binding site of TthHCS (Fig. 2). As a result, the variants MtuL143H,
MtuY169L and the double variantMtuL143H + Y169L were created.
The side chain of His167 also contributes to the pro-S methyl group
site of MtuIPMS, and so mutation of this residue was not pursued.
The most striking result from this series of mutations is the
MtuY169L variant (Table 2). This variant retains similar afﬁnity
for a-ketobutyrate and increased afﬁnity for pyruvate, which also
presents a hydrogen in a similar position to a-ketobutyrate,
whereas the ability of KIV to bind is virtually abolished (the Km va-
lue for the utilisation of KIV is greater than 2500-fold higher than
the wild-type enzyme). The net result of these changes is that both
a-ketobutyrate and pyruvate are preferred as substrates for this
enzyme relative to KIV, with the enzyme having 140-fold and
17-fold higher speciﬁcity constants for the use of a-ketobutyrate
and pyruvate over KIV, respectively (Table 2). Although a-ketobu-
tyrate is the preferred substrate for this variant, the improvement
in speciﬁcity constant (relative to the wild-type enzyme) for pyru-
vate is considerably greater than for a-ketobutyrate (8.3 times
greater compared to 1.8). This observation is consistent with the
fact that the corresponding residue to Y169 in the pyruvate-utilis-
ing CMS is also a leucine, and the additional equivalent residue to
L143 is also a leucine, giving the pro-S methyl group site of
MtuY169L signiﬁcant CMS-like character [12]. The MtuY169 vari-
ant also shows very strong discrimination between a-ketobutyrate
and a-ketovalerate, largely arising from the far lower kcat for the
utilisation of a-ketovalerate.
The L143H substitution resulted in decreased kcat and increased
Km values for all substrates, and although activity with KIV was
most affected, the highest speciﬁcity constant was still recorded
for KIV with this variant (Table 1). These results indicate that this
relatively bulky polar substitution is very poorly tolerated by the
enzyme, despite the corresponding residue being accommodated
in the HCS active site [2,8]. L143 is nestled under F114 inMtuIPMS,
a residue that is conserved in the IPMS enzymes, and which in part
protects L143 from the bulk solvent [11]. The closest equivalent
residue for TthHCS is either a threonine or serine [2,8]. It is likely
that the histidine side chain cannot be appropriately
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the poor catalytic behaviour of MtuL143H.
The combination of Y169L and L143H substitutions resulted in
an enzyme that possessed much poorer activity with a-ketovaler-
ate and a-ketobutyrate than the wild type, and was inactive with
both KIV and pyruvate. The observation that the double substitu-
tion fails to mimic the signiﬁcant improvement in the ability to
use pyruvate observed for the MtuY169L variant suggests that
the identity and interactions of the residue at position 143 are crit-
ical for the pyruvate selectivity. Of note, hydrophobic isoleucine or
valine are found at the equivalent position in pyruvate using CMS
(Fig. S1), explaining why the single Y169L substitution dramati-
cally improves catalytic efﬁciency with pyruvate.
4. Conclusion
It has been previously demonstrated that increasing the size of
the pro-S binding pocket of IPMS allows larger substrates to be ac-
cepted [20,21]. Here it is shown that reducing the size of the pro-R
pocket supports the utilisation of smaller substrates. In both cases,
the modiﬁcation of the desired pocket caused a minimal effect on
the binding properties of the other pocket. The results of these ser-
ies of enzyme variants suggest there is some modularity in the
binding site of KIV, as a single Y169L substitution tuned the pro-
S binding site to an HCS-like or CMS-like preference for hydrogen
without changing the preference of the pro-R site for a methyl
group, indicating that the two sites operate independently to at
least some extent.
Taken together, these results show that the binding site of IPMS
is sufﬁciently versatile to allow manipulation of its substrate spec-
iﬁcity. A small set of vital, conserved residues determine substrate
speciﬁcity, and simple modiﬁcations of these residues cause major
changes in a-ketoacid selection, presumably mirroring the process
by which this family of closely related enzymes evolved.
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